Bacteria of the genus Xanthomonas are a major group of plant pathogens. They are hazardous to important crops and closely related to human pathogens. Being collectively a major focus of molecular phytopathology, an increasing number of diverse and intricate mechanisms are emerging by which they communicate, interfere with host signalling and keep competition at bay. Interestingly, they are also biotechnologically relevant polysaccharide producers. Systems biotechnology techniques have revealed their central metabolism and a growing number of remarkable features. Traditional analyses of Xanthomonas metabolism missed the Embden-Meyerhof-Parnas pathway (glycolysis) as being a route by which energy and molecular building blocks are derived from glucose. As a consequence of the emerging full picture of their metabolism process, xanthomonads were discovered to have three alternative catabolic pathways and they use an unusual and reversible phosphofructokinase as a key enzyme. In this review, we summarize the synthetic and systems biology methods and the bioinformatics tools applied to reconstruct their metabolic network and reveal the dynamic fluxes within their complex carbohydrate metabolism. This is based on insights from omics disciplines; in particular, genomics, transcriptomics, proteomics and metabolomics. Analysis of high-throughput omics data facilitates the reconstruction of organism-specific large-and genome-scale metabolic networks. Reconstructed metabolic networks are fundamental to the formulation of metabolic models that facilitate the simulation of actual metabolic activities under specific environmental conditions.
SYSTEMS BIOLOGY
In recent years, systems and synthetic biology have substantially increased our understanding of many processes in life sciences at molecular and cellular levels [1] [2] [3] . Systems biology intends to understand the cell from a system-wide perspective. For over 100 years, life sciences have aimed at elucidating the details of molecular processes in organisms. In systems biology, scientists have started to inter-relate this data on a large scale in order to analyse the interactions of all elements [4, 5] , and thus initiate the decoding of entire systems, aiming at their quantitative understanding. This became possible with the development of high-throughput techniques associated with diverse computational methods and the availability of faster computing. Fundamental highthroughput methods are now routinely available in the fields of genomics, transcriptomics, metabolomics and proteomics, while additional specialized branches of omics disciplines have been developed, such as lipidomics [6] [7] [8] , glycomics [9] [10] [11] and 13 C fluxomics [12, 13] .
In quantitative biology, functional modules are reconstructed in order to understand biology at a systems level, thereby transcending the boundaries between individual omics disciplines. Omics data are used to generate metabolic models that quantitatively capture the cellular metabolism and predict phenotypes. Such model-based predictions can be validated by in vivo measurements. Based on in vivo data, metabolic models can be further expanded or enhanced to increase the precision and scope of predictions. This can result in an iterative process of experimental validation and model enhancement [2, 14] , wherein data from different omics disciplines can be progressively integrated into predictive models [15, 16] .
The application of systems biology methods has been particularly successful in the field of metabolic engineering and biotechnology [17] [18] [19] [20] [21] , also called systems biotechnology or industrial systems biology [22] where it has reached industrial production [23] . When cell components are fully described by omics analyses, processes, dynamics and interactions, biotechnological processes can be optimized and the enhanced understanding of the system can be applied to manipulate organisms for targeted optimization and increased product yield. Examples of the application of systems biotechnology include the production of biofuels [24] , polymers [25, 26] and succinic acid [27] [28] [29] , an important building block for bio-based production [30] .
However, systems-based modelling approaches are not confined to biotechnology. There are ongoing initiatives to exploit the benefits of systems biology for a deeper understanding of pathogenicity [31] [32] [33] and host-pathogen interaction at a systems level has been reviewed [34, 35] . Understandably, initial research focused on human pathogens. Salmonella, a major human pathogen, has been used as a model for bacterial pathogenicity [36] . A community of 20 experts collaborated to merge and expand a metabolic reconstruction of two Salmonella typhimurium networks and compared it to a third published network of Salmonella typhimurium [37] . The resulting metabolic network was validated using data of growth on different nutrients and applied to identify potential multi-target drug therapy approaches. As a next step for host-pathogen modelling, a review was published stating the elements of a systems biology approach and discussing applications for gaining insight into the processes involved in the pathogenesis by Salmonella and Yersinia in host-pathogen interactions [38] . The authors reviewed systems biology approaches to analyse host-pathogen interactions of the pathogens Salmonella and Yersinia under a variety of conditions mimicking pathogenesis. They discuss omics dataset integration to improve genome annotation, highlighting the importance of more sophisticated computational approaches and the integration of multidimensional high-throughput data into inference and knowledge-based models. A general platform for the organization and exchange of models and systems biology data is the SEEK database. This web-based, open-source database was originally developed for the SysMO Consortium [39] .
INITIAL SYSTEMS ANALYSIS OF PLANT-PATHOGENIC XANTHOMONAS CAMPESTRIS PV. CAMPESTRIS
Working with human pathogens is risky and host-pathogen interactions are difficult to study in situ; sometimes it is only possible to study artificial representations of hostpathogen systems. In contrast, studying plant pathogenic bacteria has the advantage of being harmless to humans and hardly any ethical issues arise when their infection mechanisms are analysed in vivo. Moreover, some infection mechanisms and virulence factors are surprisingly similar in animal and plant pathogenic bacteria [40, 41] .
Systems-based analysis of plant pathogens has been initiated in recent years. Pioneering studies relating to bacteria of the genus Xanthomonas were among the first in this research field [42, 43] . Xanthomonads are hazardous to a huge number of plants worldwide and cause substantial losses among a wide variety of agricultural crops. Xanthomonas campestris pv. campestris (Xcc) is the causal agent of black rot disease [44] , which affects plants of the family Brassicaceae including the model plant Arabidopsis thaliana [45] . In a survey of phytopathologists, X. campestris pathovars were regarded as being among the top five important phytopathogenic bacteria [46] . Xcc enters its host plants via wounds or hydathodes and spreads in the xylem before systemically infecting other plant tissues. Other xanthomonads invade intercellular spaces of the mesophyll parenchyma tissue of the host. Xanthomonads are g-proteobacteria like Escherichia coli. This phylogenetic class includes other important plant pathogens like Pseudomonas syringae [47, 48] . The family Xanthomonadaceae also includes the human pathogen Stenotrophomonas maltophilia [49, 50] .
Xcc produces large quantities of the biopolymer xanthan gum, which is used in industry as a thickening agent [51] . Xanthan is a heteropolysaccharide, with a main chain that consists of a cellulose-like b-1,4-D-glucan with mannoseglucuronate-mannose trisaccharide side chains attached to every second glucose moiety [52] . The mannose residues of the side chains can carry acetyl [53] or pyruvyl group [54] decorations at varying degrees. Important commercial applications are in the food, cosmetics and pharmaceutical industries, and in drilling for oil and natural gas.
Xanthan is assumed to have a function in pathogenicity, although details are still subject to discussion. General functions attributed to exopolysaccharides like xanthan are protection against external stress factors such as radiation [55] , varying pH values, high salt concentrations and drought [56, 57] . Xanthan pyruvylation is essential for the virulence of Xcc [58] . Xanthan is not essential for the infection of citrus plants but it contributes to the epiphytic survival of the pathogen [59] . Xanthan secreted by Xcc suppresses the deposition of callose, a plant polysaccharide, and induces susceptibility to pathogenesis [60] . The signal transduction of plants, which is initiated in response to the specific detection of bacterial pathogens based on microbe-associated molecular patterns Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Mon, 31 Dec 2018 00: 13:53 (MAMPs), has been described to be suppressed by xanthan due to polyanionic features facilitating calcium ion binding [61] . Moreover, the matter of whether or not xanthan functions as a physical barrier against bacteriophage attack has been discussed [62, 63] . The presence of clustered, regularly interspaced, short palindromic repeat (CRISPR)/Cas systems [64] , as reported for Xanthomonas genomes [65] [66] [67] [68] , may be an indication of the viral threat for these bacteria besides the frequent identification of prophages or genes of viral origin in Xanthomonas genomes [69, 70] .
For xanthomonads, systems-based approaches have mainly been conducted for the strain Xcc B100. Initial steps were taken in the pre-genome era, when the analysis of metabolic key reactions facilitated the first flux predictions in X. campestris NRRL B-1459 [71] . This involved the generation of an unstructured kinetic model wherein xanthan production was described and compared to experimental data obtained from batch cultivation in a bioreactor. This model was suitable for describing metabolic phenomena such as sequential consumption of nitrogen sources, the consumption of inorganic phosphate and carbon, the evolution of biomass, and the production of xanthan. The model was used to predict parameters favourable for enhanced xanthan production by limiting phosphate concentrations in the medium. The model predictions were verified by comparison to measurements from fermentation in a bioreactor [42] . Subsequently, oxygen transport rates were included in kinetic modelling [72] . The kinetic studies were carried out with X. campestris strain NRRL B-1459 (ATCC 13951) long before the recently published draft genome [73] became available. Both of these kinetic models are pioneering studies in Xanthomonas research. Yet the kinetic models are based on a handful of reactions and on parameter estimations. Additionally, regulatory steps are not considered. Therefore, an extended model was required that included all reactions and regulatory steps for a systems-wide analysis of xanthomonads, reflecting xanthan production plant infection. To understand the whole system and to build a systems-wide model, the first crucial step was obtaining complete and meticulously annotated genomic data.
GENOMIC BASICS
Genome sequencing projects laid the essential foundations for systems-based analyses as they are performed today. Among xanthomonads, there was a focus on the Xcc strain B100 for systems biology-related studies. The complete genome sequence is available for this strain [74, 75] with the genome assembly validated using an end-sequenced fosmid library [74, 76] . The functional genome annotation of Xcc B100 was carried out using the integrated genome annotation system GenDB [77] to obtain automated annotations before subsequent checks and enhancements were carried out by specialists. While annotations of pathogenicity-related genome features were transferred from the genome of Xanthomonas euvesicatoria 85-10, which is often addressed by its traditional name X. campestris pv. vesicatoria [78] , analysis of the Xcc B100 genome had a clear focus on metabolism, in particular on the processes relevant for xanthan biosynthesis. This included, for example, carbohydrate uptake systems [79] [80] [81] [82] , gluconeogenesis [83] and the Entner-Doudoroff (ED) and pentose-phosphate (PP) pathways [42, 84, 85] , information on the biosynthesis of sugar nucleotide biosynthetic intermediates [86] [87] [88] or lipopolysaccharide (LPS) [89] [90] [91] , and information on the genes directly involved in xanthan polymerization and export [92] [93] [94] . Analysis of the Xcc B100 genome revealed an unexpected wealth of uptake systems for mono-and disaccharides as well as several genes for nucleotide sugar biosynthetic enzymes that had not been expected based on the previous experimental characterization of xanthomonads [74] .
In addition to Xcc B100, further Xanthomonas genomes have been sequenced: the early availability of two other complete X. campestris pv. campestris genomes for strains 8004 [95] and ATCC 33913 [96] , like the publication of the complete X. campestris pv. raphani strain 756C genome [97] and the draft genomes of X. campestris strain JX [98] , X. campestris pv. campestris strain Xca5 [99] and X. campestris strains CN14, CN15, CN16 [100] , LMG 8031 [101] and NRRL B-1459 [73] , provided further data from phylogenetically close related strains. Software-based comparative analysis of such genome data is greatly facilitated by using the EDGAR software tool ( Fig. 1, b) [102] . A new version of EDGAR was published recently [103] . The main focus of the analysis of Xanthomonas genomes is usually on virulence factors [66] . Initial characterization of the genomes of 45 additional X. campestris strains might open the door to an even wider data set for this purpose [104] . In addition, more and more genome data are becoming available for other Xanthomonas species [66] . While highquality draft genome data are required for many analyses, in particular when the focus is on protein gene products, the availability of complete genome data is advantageous for reference strains of more general interest as it facilitates in-depth post-genomic analyses in fields such as transcriptomics, which became obvious with the emergence of RNA-Seq technologies [105, 106] .
To annotate genomes, their constituent genes need to be identified before functions can be assigned. The quality of the annotation process is crucial, as missed or wrongly assigned properties affect subsequent functional analysis. This concerns, in particular, the reconstruction of metabolic networksusually the first step required to build a metabolic model. Metabolic models often include hundreds [43] to thousands [107] of gene products. Erroneous or missing functional assignments result in misleading gaps or in dead ends in metabolic pathways, which substantially impede the scope and precision of the predictions generated. Fortunately, there are specialized bioinformatics tools for predicting the coding sequences (CDSs) of protein-coding genes that usually provide satisfactory results for prokaryotes. In the past, tools like GeneMark [108, 109] , Glimmer [110, 111] , Critica [112] , Reganor [113] , Gismo [114] and Prodigal [115] were used for CDS prediction, and up-to-date versions of Glimmer, GeneMark and Prodigal are still popular. A critical aspect is often the correct identification of translational start sites for CDSs. Considering appropriate bioinformatics tools may again help in finding such start codons in an optimal way. The wider application of RNA-Seq is starting to increase the availability of experimentally determined transcriptional start sites. This is likely to result in higher quality start codon predictions, as recently indicated for Xcc B100 [116] . In contrast to protein-coding genes, the identification of RNA genes is still poorly conceived. There are reliable results for ribosomal RNAs and tRNAs, while experimental evidence is usually required to identify small non-coding RNAs [117] . For known RNA genes, the Rfam database is a valuable tool [118] . Once genes have been reliably predicted, bioinformatics tools can help to elucidate their functions. Again, there is a wealth of software tools available for the functional annotation of CDSs while providing comparable functionality for RNA genes remains in development. The intelligent combination of multiple tools into rule-based pipelines has the potential of providing automated and expedient functional annotations (Table 1) . Launching novel workflow engines [119] could further enhance such analysis pipelines; however, proofreading and curation by human experts still is essential to avoid mistakes. Bioinformatics tools for Xanthomonas systems analysis. The software applications represented in this schematic overview have been consistently used to analyse X. campestris pv. campestris B100, as well as being applied individually to numerous other organisms including some xanthomonads. A common software interface termed BRIDGE [268] was the basis for establishing a suite of bioinformatics applications, which are now suitable for wet-laboratory data from all post-genomics disciplines. This software provides webbased user interfaces and elaborate user rights management for convenient access from all over the world for cooperation projects. This software suite is displayed by dark shaded symbols in the lower part of the scheme. Lower case letters indicate the individual software tools. (a) ReadXplorer [136, 152] provides tools for the visualization and analysis of read data originating from massive parallel sequencing. It is particularly useful for RNA-Seq experiments. (b) Comparative genomics is facilitated by EDGAR software [102, 103] . Despite being a stand-alone application, it is able to communicate with the well-established genome annotation software GenDB (c) [77] , which can be complemented with SAMS for the analysis of shorter DNA sequence data [269] . Specialized tools facilitate the genome-based interpretation of microarray-based transcriptome data (d; EMMA; [129] ), proteome data (e; QuPE; [172] ), and gas chromatography-mass spectrometry (GC-MS)-based metabolome data (f; MeltDB; [181] ). Recently, in addition, the ALLocator software (g) became available for liquid chromatography (LC)-MS-based metabolite analyses [184] , as well as applications for enhanced data visualization (h; ProMeTra; [172] ) and for the automated generation of metabolic networks in Systems Biology Markup Language (SBML) format (i; CARMEN; [199] ). For systems biology, further third-party software applications have been used, which are depicted in the upper part of the figure by symbols with light grey shading. While these systems biology applications can exchange data in SBML they are only accessible locally. Among this local software infrastructure is CellDesigner (j; [198] ), which is used to edit and visualize metabolic networks, plus MATLAB (k) with CellNetAnalyzer (l; [270] , OpenFLUX (m; [225] and the COBRA toolbox (n; [271] ) to analyse the metabolic networks. Pathway Tools (q) software [193, 272] was used to generate a metabolic pathway-genome database named XanthoCyc (p; [107] ), which can be used for genome-scale analysis and visualization by Cytoscape (o; [200] For metabolic analyses, the manually curated genome annotation of Xcc B100 was enhanced in several iterations. For this purpose, published metabolic data provided over subsequent years were manually integrated using the genome annotation software GenDB ( [77] , Fig. 1 , c). This included information relating to the uptake and utilization of nutrients from the environment [79, [120] [121] [122] [123] [124] . Further important metabolic studies considered in the iterative enhancement of functional genome annotation [74] focused on the biosynthesis of amino acids [107, 125] and a novel, yeast-like phosphatidylcholine synthesis route [126] . A common theme of these studies was the discovery of novel biosynthetic routes that differ from the respective metabolic pathways of other bacterial model organisms.
VALIDATION AND AUGMENTATION OF GENOME ANNOTATIONS BASED ON TRANSCRIPTOMICS
Besides the outcomes of traditional functional studies, results from post-genomic approaches added to the data available for genome annotation (Fig. 2 ). Our knowledge of transcriptomic regulation and metabolic-related genes benefited from this input. Genomic data enabled the design of genome-wide microarrays to globally explore the expression of genes and thereby complement static genomic data with a dynamic dimension to facilitate novel functional insights [127, 128] . For Xcc B100, the manually curated genome annotation was used to obtain a complete set of unambiguous probes individually representing all predicted genes. Obviously, such an experimental concept benefits from a high-quality, comprehensive genome annotation. However, there are conflicts between the aims of designing unique probes for all genes including those with sequence similarities and the necessity of obtaining oligonucleotides with physical properties useful for hybridization procedures. Unfavourable trade-offs in these fields are often unavoidable [129] . The underlying drawbacks of microarray design have been reduced by technological progress but not fundamentally eliminated, despite advancements in design and data analysis. The disadvantages associated with microarrays have led, in part, to the increasing application of RNA-Seq.
Genome-wide Xcc microarray analysis was applied to investigate the impact of galactose versus glucose carbon sources on transcription levels [123] . The software tools ArrayLIMS and EMMA [129, 130] (Fig. 1, d) were used to identify genes related to galactose utilization. Recursion to the functional annotation of operon-like organized neighbour genes and validation by quantitative real-time PCR (qRT-PCR) revealed a metabolic module involved in scavenging galactose-containing carbohydrates. The results were used to further enhance the genome annotation by using the software tool GenDB [77] , as mentioned above. Subsequently, further studies confirmed the value of this genome-wide microarray as an experimental tool, also for analyses with other Xcc strains [131, 132] . In addition, the microarray was applied as a useful tool for the initial characterization of novel Xanthomonas genomes [133] , but this was not pursued further due to rapid progress in highthroughput sequencing. For X. campestris strains with weaknesses in gene prediction, microarrays provided experimental evidence to identify missed CDSs [134] . This approach was subsequently renewed with RNA-Seq experiments [135] .
In general, transcriptome analysis is expected to deliver even more useful information by means of RNA-Seq. RNA-Seq data cover the entire genome irrespective of weaknesses in gene prediction or limitations in unique probe design, providing a high dynamic range in resolving quantitative differences [136] [137] [138] . So far, RNA-Seq experiments with xanthomonads ( Table 2 ) have focused on obtaining superior gene expression data and on finding novel genes, including small non-coding RNA (ncRNA) genes. In a basic RNA-Seq analysis, the gene expression reproducibility was initially demonstrated between Xcc 8004 replicates [139] . When the bacteria were grown in two different media, namely minimal medium MMX and rich medium NYG [140] , 629 differentially expressed CDS were identified. Of these, 495 MMX-induced genes were found to be mainly involved in amino acid metabolism, transport systems, atypical condition adaptation and pathogenicity, whereas 134 MMX-repressed genes were involved in chemotaxis and degradation of small molecules [139] .
For Xcc, cell-to-cell signalling, signal transduction and transcriptional regulation have been revealed to have a substantial influence on various virulence factors including xanthan generation and biofilm formation [66] . This includes the generation of a diffusible signal factor (DSF) [141, 142] , which is released to the medium and perceived by Xcc cells by the action of rpf gene products [143] . Upon its perception by the Rpf two-component system, the level of the Xanthomonas second messenger cyclic di-GMP is modulated, which has an influence on the activity of the high-ranking transcriptional regulator Clp [144, 145] . Besides the DSF, Xcc utilizes a second quorum sensing signal termed the diffusible factor (DF) which is less well characterized, but which also has an effect on xanthan generation [146, 147] . It is very likely that more metabolic pathways are influenced by these regulatory and signalling pathways, but so far this has not been systematically analysed. Through RNA-Seq, the roles of key factors in Xcc pathogenicity-related signal transduction and gene regulation were re-analysed, leading to the identification of novel genes for proteins and ncRNAs. Functional analysis of the RNA-Seq data revealed over 160 new virulence factors within the group of Rpf-regulated genes, highlighting the complexity of Rpf/ DSF signalling [135, 148] . For X. euvesicatoria, RNA-Seq revealed a number of novel RNA genes. Antisense RNA was shown to occur [149] and is likely to influence gene expression. Several small ncRNAs were identified in this study, some of which were involved in plant pathology and regulation [149] . However, the functions of many Xanthomonas RNAs remain widely unclear [117] . In X. campestris, subsequent to the identification of small RNAs [135, 150, 151] , antisense transcripts were found that cover the promoter region of xanthan biosynthetic key genes [116] . Such data clearly confirm that RNA-Seq has a potential to enhance genome annotation, thereby delivering a new foundation for consecutive functional experiments. ReadXplorer software [136, 152] (Fig. 1, a) facilitates the visualization of mapped RNA-Seq reads [116] , often an essential prerequisite to biologically construing such transcriptome data.
PROTEOMICS
Following the central dogma of biology, the next step of study after analysis of transcripts is protein analysis. In general, protein-protein interaction is the most important and most studied subject relating to the field of pathogen-host interaction [34] . Proteomic analyses attempt to reveal and quantify all proteins in a culture at a given moment under specific conditions. Traditionally, gel-based techniques have been employed to separate the distinct proteins of a sample, in particular two-dimensional gel electrophoresis. In order to obtain an idea of the metabolic status of the cell [153, 154] , the separated proteins can be visualized by staining techniques and, following specific fragmentation with enzymes like trypsin, identified by mass spectrometry, usually by matrix-assisted laser desorption/ionization time-offlight (MALDI-ToF) detection using peptide mass fingerprints (PMFs) or tandem mass spectrometry (MS/MS). In this way, protein identification is facilitated by comparison to in silico proteome data derived from genome annotation [155, 156] . Hence, an important limitation of successful protein identification is the quality of the available genome data, resembling the situation for microarray-based transcriptomics. For Xcc, proteomics techniques have been initially applied to obtain an insight into the cytoplasmic proteome [157] . Subsequent studies analysed the secretome [158] , characterized outer-membrane vesicles [159] , and explored the cytoplasmic proteome more comprehensively [160] . Specific applications facilitated the characterization of the MAMPs involved in plant interactions [161] . A promising issue is the analysis of Xcc proteomes derived from interaction with host or non-host plants. Analysis of proteomes in xylem sap is a good example of such approaches [162] . Specific bioinformatics tools emerged to handle the complex data resulting from such proteomics approaches [163] . Other studies of xanthomonad proteomics focus on subjects such as Hrp proteins [164] , secretome analysis of Xanthomonas oryzae [165] and analysis of biofilm formation of Xanthomonas axonopodis pv. citri [166] (Table 3 ). Multiple regulatory mechanisms influence protein functions: regulation of expression, which is addressed in transcriptomics, post-translational modifications such as phosphorylation or acetylation and allosteric regulation. Furthermore, the kinetic properties and concentrations of the enzymes affect the metabolic pools and metabolic fluxes in the cell [167] . Recently, protein phosphorylation has been identified as a mechanism of post-translational modification (PTM) for some key Xcc interconnected to complex networks. In this example, (a) key reactions of the central metabolism are displayed. Arrows represent enzyme-catalysed metabolic interconversions, with key metabolites indicated by the abbreviations outlined below. Names of genes coding for the respective enzymes are given in italics in the vicinity of the reaction arrows. Including metabolic co-factors like ATP or NADH, as displayed here (b), is crucial for models based on metabolic reconstruction, but they are often omitted in visualizations to increase clarity. Experimental results from omics disciplines can be mapped to such networks by means of software like ProMeTra [288] . As an example, from proteomics (c), post-translational modification by tyrosine phosphorylation was indicated by phosphoprotein-specific staining for five gene products (green or pink background colour), of which phosphorylation was confirmed by mass spectrometry for two enzymes (pink background colour) that control the entry to important metabolic pathways. Quantification of individual metabolites is usually restricted to subsets of the analysed network, depending on the applied methods. GC-MS facilitated the quantification of metabolite pools displayed in (d). However, in the absence of information regarding the flux along the metabolic pathways, such data are often hard to evaluate. Names of the depicted metabolites are abbreviated as follows: genes ( Fig. 2c ) [168] . PTM is increasingly regarded as the regulatory layer that directly takes control of metabolic decisions [169] , in particular in the central metabolism.
Despite its merits, gel-based proteome analysis has substantial limitations; in particular, analysis of insoluble proteins in aqueous solutions is problematic, which results in a blind-spot rendering many membrane proteins inaccessible by this technique. Moreover, gel-free approaches allow the simultaneous identification and quantification of hundreds of proteins in a single experiment with less need for the time-consuming, tedious and (to some extent) error-prone experimental steps required in gel electrophoresis. The current technological advances have thereby enabled a straightforward investigation of complete proteomes. Mass spectrometry-based proteomics turns quantitative with the employment of stable isotopes or chemical tags as internal standards [170] ; that said, xanthomonads have not yet been studied in this way [171] . Algorithmic and experimental foundations are readily available, however, and will facilitate such experiments in the near future ( Fig. 1, e ) [172] .
METABOLOMICS
To understand the physiological status of an organism, cellular metabolites are analysed and quantified using a set of analysis methods collectively termed 'metabolomics'. For the measurement of intracellular metabolites, this requires specific additional steps, namely: quenching of the cells to stop metabolism; sampling of cells and media; extraction; concentration; and analysis of metabolites. There are a couple of methods and challenges for each step [173, 174] . Numerous methods, such as nuclear magnetic resonance (NMR), GC-MS, LC-MS and capillary electrophoresis-MS (CE-MS), applied in conjunction with tandem MS, have been developed to detect metabolites [20, 175] . The enormous diversity of metabolite structures in comparison to the rather uniformly composed macromolecules analysed in the other omics disciplines justifies this wide range of approaches. Technological advances in recent years have increased the number of detectable metabolites and similar advances in methods for the quantification of metabolites may follow [176] .
A specific challenge exists for the analysis of metabolites of X. campestris. The bacterium excretes the polysaccharide xanthan, which can viscosify the cultivation broth substantially. This viscosity necessitates an immediate quenching of the cells; however, fast separation of the cells from the surrounding medium is challenging. To address this issue, a method with simultaneous quenching and metabolites extraction using cold ethanol [177] and a rapid centrifugation method [178] were established. For NMR measurements ultracentrifugation was suggested as an appropriate pre-treatment step for efficient removal of the xanthan gum [179] . However, regarding obtaining realistic in vivo concentrations, there is still a need to demonstrate that the suggested procedure is advantageous for the quantification of unstable metabolites. For their sensitivity, versatility and ease-of-use, GC-MS ( Fig. 2d ) and LC-MS still represent the most commonly used methods for metabolite analysis.
A variety of methods exists to further analyse metabolomics data. The web-based software platform MeltDB (Fig. 1, f) has been evaluated for the analysis of Xcc metabolomics data by means of GC-MS [180] [181] [182] . This software tool supports storage, sharing, analysis and integration of metabolomics experiments and mapping of the measured metabolites onto the metabolic pathway maps provided by an integrated KEGG [183] database. Recently, a complementary web-platform called ALLocator was published for the identification and quantitation of metabolites using LC-MS data [184] ( Fig. 1, g and Table 4 ).
In summary, all main omics methods and appropriate bioinformatics tools (Fig. 1 ) are readily available for xanthomonads and examples have shown the applicability of xanthomonads for systems biology. The data analysis in the individual omics disciplines already results in new findings as outlined above. However, a more systematic interpretation of this data by means of data integration into metabolic networks will elucidate biological meaning and regulatory networks and deliver new perspectives that would otherwise remain unintuitive. The reconstruction of metabolic networks comprises several steps, as discussed in the next section.
RECONSTRUCTION OF THE METABOLIC NETWORK
A graphical representation of the analysed organisms' metabolism is helpful in validating the interpretation of analytical data (Fig. 2 ). This is particularly important when substantial quantities of high-throughput omics data are concerned. Correspondingly, systems-level analyses of metabolism often depend on reconstructions of microbial metabolic networks. The availability of high-throughput genome sequencing enables the reconstruction of genomewide metabolic networks ( Fig. 3a ) [185, 186] , and the number of genome-scale models increases with the growing number of sequenced genomes. Likewise, the variety of established modelling applications based on reconstructed metabolic networks is expanding.
A metabolic network reconstruction is a representation of an organism's constituent metabolic biochemical reactions. Such representations comprise the enzymes and metabolites involved in biochemical reactions and the corresponding enzyme-encoding genes ( Fig. 2a, b ). In general, network reconstruction and metabolic modelling together form an iterative process. Steps may be repeated until predictions meet phenotypic data or are falsified by measurements. The initial step is obtaining a network of interrelated biochemical pathways from functional genome annotations (Fig. 3a ).
There are two fundamental approaches to creating a metabolic network: (i) automatic reconstruction based on genome data and hence a top-down approach [ which are progressively combined as a bottom-up approach [188] . For the top-down approach, annotated genome data and information from databases that link the genomic information with functional data are used as the origin of an initial metabolic reconstruction of genome-scale networks [186, 189, 190] . Genome annotations that are useful as references can be found in organism-specific databases, such as EcoCyc [191] or AraCyc [192] . Software tools like Pathway Tools [193, 194] (Fig. 1, q) and the commercially available SimPheny (Genomatica) are applied for automated draft reconstructions of metabolic networks. The SuBliMi-naL Toolbox [195] , the SEED model [196] , and the RAVEN Toolbox [197] are three additional software platforms which support steps of the reconstruction process. A review giving an overview of those three software platforms and their functionalities was published recently [189] . Different programs are available for the visual representation of metabolic networks, such as CellDesigner [198] (Fig. 1, j) , CARMEN [199] (Fig. 1, i) and Cytoscape [200] (Fig. 1, o) .
After automated reconstruction, the network is checked for consistency as well as for gaps, and redundancies must be resolved (Fig. 3b ). The refinement of the metabolic network for the specific organism includes verification of metabolic functions, substrate and cofactor usage, reaction stoichiometry, reaction directionality, reaction localization, and information regarding the genes, gene-protein-reaction (GPR) associations, transport reactions, mass-and charge-balance reactions, and the biomass composition [190] . For this purpose, different resources and databases can be used, such as KEGG [183] , BRENDA [201] , the SEED database [202, 203] and SwissProt [204] , as well as organism-specific literature, publications and experimental data, biochemical studies or protein localization analyses. Notes are inserted for each individual part of the metabolic reaction to record confidence scores for each reaction part. This is important for the evaluation of information in the model to quantify the reconstruction confidence for each reaction.
When available, reconstructed metabolic networks that truly represent the specific organism are a valuable resource for transcriptomics, proteomics and, in particular, metabolomics. Gaps and inconsistencies in the network prompt experimental clarification where appropriate methods are available ( Fig. 3c) . At the same time, our understanding of measurement data from post-genomic disciplines benefits from visualization in the context of metabolic pathways, which facilitates their biological interpretation. The reconstruction of a metabolic network of X. campestris involved several successive steps and a variety of data sources (Fig. 3) . PathwayTools software ( Fig. 1, q) was used to obtain an automated genomebased metabolic reconstruction for Xanthomonas (Fig. 3a) .
The resulting pathway-genome database (PGDB), termed XccCyc [107] (Fig. 1, p) , was used in an iterative debugging process to resolve gaps and ambiguities in important pathways and, subsequently, to improve the functional annotation of corresponding genes (Fig. 3b ). As mentioned above, postgenomics experiments were carried out to address weaknesses of the metabolic reconstruction (Fig. 3c ). An initial approach focused on amino acid biosynthesis. Following its automated generation, the XccCyc database indicated unclear amino acid biosynthetic pathways. While the biosynthetic pathway for arginine was available from a previous experimental study [125] , biosynthetic pathways for 16 proteinogenic amino acids were determined by employing systematic and thorough interpretation of results from the bioinformatic tools (Table 1) . For three remaining amino acids, 13 C NMR measurements were required to resolve those metabolic routes actually used for their synthesis (Fig. 3c ) [107] . Thus, in the end, biosynthetic pathways were determined for all proteinogenic amino acids, thereby closing gaps in the initial metabolic reconstruction (Figs 3d and 4c ). The experimental results indicated an unusual variant of an isoleucine biosynthetic pathway in Xanthomonas that had not been observed for other organisms before [107] , thereby exceeding the limits of insight possible through current bioinformatics-assisted analyses.
Despite advantages such as its comprehensive scale, the XccCyc-based metabolic network had drawbacks as it retained several gaps in metabolic pathways. This restricted its usefulness as a foundation for the mathematical models that underlie computational simulations of metabolic flux. Hence, data incorporated in this network were re-used to generate an independent large-scale metabolic network [43] using a bottom-up approach with CARMEN software [199] . Following manual revision, this large-scale metabolic network was suitable for obtaining metabolic models for the simulation of metabolic fluxes by flux balance analysis (FBA) or 13 C metabolic flux analysis (see below) ( Fig. 3e) . The reconstructed network included 352 genes, 437 biochemical reactions, 10 transport reactions and 338 internal metabolites. Graphical displays of such large networks are often highly informative ( Fig. S2 of [43] ), but usually exceed the scope of regular scientific illustrations. However, excerpts or simplified representations of these comprehensive diagrams can be valuable visualizations of the properties related to the metabolic network Fig. 2(a, b) .
The large-scale metabolic network provided a new view on the Xcc central carbohydrate metabolism. Xanthomonas was known to derive energy from sugars like glucose mainly by means of the ED pathway, with a minor role of the PP pathway [205] , while the Embden-Meyerhof-Parnas (EMP) pathway, usually termed glycolysis, was concluded to be absent due to missing activity of the key enzyme 6-phosphofructokinase PFK [85, 206, 207] . In contrast to these findings, a well-conserved pfkA gene had been identified in the Xcc B100 genome and included in the reconstructed metabolic network. This stimulated the hypothesis that xanthomonads might have a complex carbohydrate catabolism, with the ED, PP and EMP pathways available to break down glucose.
After building a graphical representation of metabolism, the metabolic network can be converted to a mathematical model for detailed analysis of metabolic network structure and capacity, and to predict metabolic states and phenotypes using various modelling tools (Fig. 3e ). Fig. 3 . Reconstruction of the X. campestris metabolic networks and its use related to omics data and flux analysis. (a) Large or genome-scale metabolic networks can be deduced from genome data as outlined in the text. Availability of high-quality genome annotation is a prerequisite for obtaining a metabolic reconstruction. Gaps and dead ends in an initial version of the reconstructed metabolic network could be resolved by re-assessing gene functions, which leads to an enhanced annotation of the respective genes (b), a process that involves multiple iterations. The reconstructed metabolic network facilitated high-throughput experiments in post-IP: 54.70.40.11
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MODELLING
Reconstructed metabolic networks can be converted to a mathematical model which represents the basis for network simulations (Fig. 3e) . Usually, this requires extensive beforehand checking and manual refinement of the network. A kinetic model would comprise all the reactions, metabolites and cofactors included in the curated network. The kinetic model is usually represented by ordinary or partial differential equations [208, 209] . Because many enzymes have not been characterized biochemically (and many factors are necessary for biochemical characterization), the application of kinetic models is restricted to small biochemical networks in most organisms. A kinetic model of limited size describes the biosynthesis of sugar nucleotides, metabolic precursors of xanthan in Xcc [210] . The model makes use of the Modelica modelling environment and implements Petri Nets, while parameters are estimated by applying the MATLAB Optimization Toolbox (MathWorks) (Fig. 1, k) . In contrast, constraint-based modelling, also termed structural or static modelling, can be applied to genome-scale systems where only the stoichiometry of the enzyme catalysed reactions, the reaction direction and the mass balance are known [211] .
FBA is the basis for many applications in systems biology. A genome-scale model of E. coli was used to provide the organism with direct biocatalytic routes to 1,4-butanediol [212] and to identify better drug targets or biosynthetic pathways for antibiotics [213] [214] [215] [216] .
For Xcc, a large-scale metabolic network was reconstructed as described above and used to obtain a model for FBA (Fig. 3e, [43] ). The model provided detailed predictions of metabolic features of Xcc (Fig. 4a, b) . Initially it was utilized for in silico analyses to predict biomass generation and gene essentiality (Fig. 3f) . These predictions were validated by analysing single gene deletion mutants causing deficiencies in the central carbohydrate metabolism [43] . The predicted effects were widely confirmed by the experimental results (Fig. 3g ). Regarding the central metabolism, predictions of culture growth and xanthan production for the wild-type yielded realistic results when flux along the EMP pathway (glycolysis) was limited to 1 % of total glucose catabolization. Mutant strains were constructed to assess the roles of the central metabolic pathways. The ED, PP and EMP pathways were blocked by specific inactivation of key enzymes. The growth of the mutant with blocked ED pathway was dramatically reduced, but the cells remained viable, while blocking the EMP pathway had only minimal effects [43] These observations were in accordance with glucose catabolization mainly but not entirely via the ED pathway, with a minor flux through the EMP pathway, if at all. Hence, it remained unclear whether the EMP pathway and the PfkA enzyme had a metabolic role in Xcc. In addition, a xanthandeficient mutant was studied in vivo and in silico. An FBA analysis of the xanthan-deficient mutant in comparison to Xcc wild-type shows differences in flux distribution during the growth phase in which xanthan production was observed in the wild-type. Here, a substantial redistribution of resources from xanthan production to culture growth and thus biomass generation was predicted and observed, rather than a decrease in carbon uptake [43] . This correlated with a phenomenon in terms of carbohydrate conversion that was observed earlier: over 70 % of carbohydrate uptake [217] can be converted to the polysaccharide xanthan instead of biomass.
Despite its successful application in analysing the metabolism of Xcc, FBA faces limitations. The calculated optimal flux distribution is often not unique; hence there may be more than one possible optimal flux distribution. Reversible reactions, parallel paths or cyclic reactions complicate an accurate flux determination [218] . Therefore, with FBA alone, it is usually difficult to predict the absolute flux rates in the cell and it can be advisable to complement predictions based on stoichiometric networks with further measurements. An important approach for such measurements is 13 C metabolic flux analysis ( 13 C MFA) ( Fig. 3e ).
C MFA
In 13 C MFA, metabolites are measured that were labelled with the heavy carbon isotope 13 C [218] [219] [220] [221] [222] . The method is useful for resolving metabolic flux when there are two or more pathways in parallel that facilitate metabolic conversions of the same substrate or generate the same product. An example relevant for xanthomonads was the possible parallel occurrence of EMP (glycolysis), ED and PP pathways. In each of these pathways, the intermediate metabolites are converted distinctly, resulting in a characteristic pattern of carbon atoms. Based on the observed labelling pattern it can be inferred through which pathway the substrate was catabolized. To facilitate such measurements, the bacteria are fed with a labelled substrate, usually glucose. Glucose is taken up by the cells and converted to biomass. For biotechnology-related analyses, the generation of specific products is usally considered as well. On the basis of the metabolite labelling, the pathway within the metabolic genomics disciplines (c) and visualization of results related to metabolic phenomena. Such experimental results further enhanced the metabolic reconstruction (d). The reconstructed metabolic network is an essential requirement for obtaining metabolic models that facilitate both predictions and measurements of the metabolic flux (e). The resulting dynamic perspective of the Xanthomonas metabolism provided a quantitative approximation to the flow of metabolites under the respective study's conditions. The predicted or measured flux distribution resulted in hypotheses that can lead to experiments (f) where molecular biology or post-genomics approaches are used for validation (g). Biochemical experiments such as enzyme tests of complex metabolic key elements (h) may further enhance models for flux analysis (i) or the underlying metabolic network (j). [43] . A subset of the results with reactions of the central carbohydrate metabolism has been visualized in this figure using ProMeTra software [288] for the wild-type (a) and for a mutant strain where the xanthan biosynthesis had been specifically network mainly responsible for the degradation of the imported sugar can be identified. Herewith, the measurement of the 13 C labelling pattern of the metabolites is crucial for calculating flux through the network [218, 220] . A robust method for flux determination is the measurement of the labelling pattern of amino acids that are available from hydrolysation of cell proteins. This analysis requires knowledge of the amino acid biosynthetic pathways for the respective organism ( Fig. 4c ). For this so-called stationary flux analysis, the cell pellet is hydrolysed and the labelling pattern is measured in the amino acids. This allows the determination of metabolic fluxes during steady-state growth [223, 224] . In addition, quantitative physiological data such as uptake rates, production rates and biomass composition can be determined and considered for flux calculation. There are open source software tools for 13 C MFA like OpenFlux [225] (Fig. 1, m) , OpenMebius [226] , influx_s [227] and 13 CFLUX2 [228] . 13 C MFA differs fundamentally from FBA in being a method to measure metabolic flux, albeit relying on heavy computation and on assumptions on possible metabolic routes, while FBA is a method to simulate metabolic fluxes and thereby delivers predictions, not measurements.
IP
For Xcc, a 13 C metabolic flux analysis based on GC-MS and NMR has been performed [182] . Metabolic fluxes in the central carbon metabolism were determined using [1-13 C]glucose as the sole carbon source for growing Xcc. Based on the large-scale metabolic network reconstructed before (see above) and initially used to generate a model for simulations of metabolic fluxes by means of FBA [43] , an additional metabolic model that included carbon atom transitions was established for 13 C MFA with Xcc, consisting of 79 reactions including 42 balanced reactions. As the large-scale metabolic network reconstructed for the genome of Xcc B100 had indicated a putative EMP pathway for glucose utilization, which was suggested by FBA simulation results to have a minor role for the cultivation conditions in the laboratory, it was tempting to also analyse the Xcc glucose catabolism by 13 C MFA. The 13 C MFA confirmed the prevalent catabolic role of the ED pathway in Xcc and a minor flux via the PP pathway. In addition, 13 C MFA indicated a minor flux via the EMP pathway (glycolysis) (Fig. 4d ). This finding was verified experimentally by comparative NMR-based isotopologue profiling of a mutant deficient in glycolysis by means of pfkA mutation (Fig. 3h) , which provided evidence for a moderate flux through glycolysis in the wild-type [182] and thus confirmed the 13 C MFA results in line with the previous findings from FBA. Hence, Xcc obviously had three parallel pathways available to generate energy and biosynthetic building blocks from glucose, the ED, PP and EMP pathways. Some bacteria are known to use the ED, PP and EMP pathways in parallel [182] . To shed more light on the EMP pathway used in Xcc, the 6-phosphofructokinase PFK was biochemically characterized (Fig. 3h ) [229] . The identification of its pfkA gene had triggered the reconstruction of the EMP pathway (see above). The Xcc PfkA turned out to have no canonical PFK activity. Instead of ATP it used pyrophosphate as phosphate donor, and was not subject to allosteric regulation, while it unusually catalysed the generation of fructose 1,6-bisphosphate in a reversible reaction [229] .
Experimental results from other studies clearly indicated the remaining enzymes that constitute the EMP pathway to be active in xanthomonads [229] . These non-canonical PFK properties are consistent with the flux determinations based on FBA and 13 C MFA (Fig. 3i) . At the same time they explain the misleading original EMP assessments for xanthomonads and the recent discovery that Xcc has a complete set of enzymes of the EMP pathway (glycolysis) available for metabolism of glucose in addition to the ED and PP pathways [229] knowledge that facilitates an enhanced metabolic reconstruction (Fig. 3j ). Moreover, comparative genomics revealed the presence of highly similar pfkA genes in other xanthomonads, indicating the availability of EMP activity throughout the Xanthomonadaceae [229] .
ENVIRONMENTAL SYSTEMS BIOLOGY AS A PERSPECTIVE FOR ANALYSIS OF XANTHOMONADS
Xanthomonads encounter diverse influences in various environments and are subject to different biotic and abiotic factors. Biotic (stress) factors include other xanthomonad cells, other competing bacteria and bacteriophages, and plant cell defence mechanisms (Fig. 5 ). Regarding a deeper understanding of xanthomonads as pathogens, a next stage towards analysing host interactions may be the integrated modelling of both host and pathogen metabolic networks. Pioneering studies for this approach have been conducted with human pathogens. The cell-specific human alveolar inactivated (b). Glucose was used as carbon source. Reaction flux is given relative to glucose import, which was set as 100. Predicted flux values are indicated near the reaction arrows. In a heat map projection, the background colour illustrates the respective flux magnitude as specified in a graphical legend, ranging from yellow for no flux to green for high flux. In addition, arrow widths symbolize the flux values predicted for the displayed reactions. Inactivation of xanthan biosynthesis resulted in a considerable increase of the catabolic flux predicted for the ED pathway. This was globally confirmed in a bioreactor experiment, where the xanthan-deficient mutant grew significantly faster than the wild-type [43] . To evaluate the fluxes predicted for the individual metabolic reactions, metabolic flux analysis (MFA) was carried out. This required detailed knowledge of the biosynthetic pathways for all proteinogenic amino acids (c), which had been determined in advance [107] . In the MFA experiment (d), the protein fraction of an X. campestris pv. campestris B100 culture grown with 13 C labelled glucose as sole carbon source was analysed to determine the fluxes in the central metabolism [182] . The measurement data are remarkably close to the predictions for the xanthan-deficient mutant (b). Metabolites are symbolized as indicated in the legend for Fig. 2 [239] and barley [240] , a host of X. translucens pv. translucens [241, 242] , and it is likely that more plant models will become available with the increasing number of genomes being sequenced. On the pathogen side, besides the Xcc models mentioned above, there are genome-scale metabolic reconstructions for other plant pathogenic bacteria [243] [244] [245] .
Correspondingly, the first steps towards the study of groups of interaction partners relating to soil bacteria have been published. The competition between two Fe-reducing bacteria, namely Geobacter sulfurreducens and Rhodoferax ferrireducens, has been modelled in a soil community [246] , and it was predicted that under natural conditions Rhodoferax will outcompete Geobacter at the site as long as sufficient ammonium is available. In contrast, if high concentrations of acetate are added during bioremediation, Geobacter species will predominate. This prediction was verified with field-scale observations. The results show that genome-scale modelling is a useful tool for predicting microbial interactions in environmental systems. Databases exist for metabolic networks concerning host-pathogen interactions ( Table 5 ) with models available for well-studied organisms.
METABOLISM AS AN INTEGRATIVE CONSTITUENT OF A PATHOGENICITY-DRIVEN LIFESTYLE
Plant pathologists have identified substantial sets of virulence factors that xanthomonads have available to successfully exploit resources provided by their hosts. Most of these host resources are metabolites, valuable inorganic ions or organic plant material that can be converted to useful metabolites by appropriate enzyme-catalysed conversions.
Xanthomonas genomes often encode dozens of exoenzymes [96] that are to be exported to the bacterial environment by a type II secretion system [247, 248] where they come into contact with the host plant. A substantial part of these exoenzymes are glycosidases and other polysaccharidedegrading enzymes that breach plant cell walls, thereby generating smaller carbohydrate compounds. Plants have evolved mechanisms to recognize such damage-associated microbial patterns (DAMPs) and subsequently initiate defence against the microbial hazard [124, 249] . The carbohydrate compounds arising as debris from plant cell wall penetration can be scavenged by xanthomonads and are assumed to be used as a valuable resource for energy and building blocks in the metabolism. This is reflected in the genome by the clustering of genes that encode degradative exoenzymes, transporters to facilitate import across the outer and inner membrane, and intracellular enzymes to convert the imported compounds into metabolites that can be easily utilized in the Xanthomonas metabolism when appropriate [79] . An unusually elaborate TonB system of outer membrane importers reflects the important role of these molecular machineries for the scavenging of obviously plant-derived materials and the relevance of resource uptake for xanthomonads [79, 82, 121-124, 250, 251] . The metabolite interconversion reactions discovered in these studies have hardly been included in metabolic models, nor has the metabolic flux through these pathways been simulated or measured so far.
Besides type II secretion, xanthomonads have further protein secretion systems available that are relevant for its plant pathogenicity [252] . There is a particular focus on the type III secretion system [40] that is encoded by hrp (hypersensitive response and pathogenicity) genes. Type III secretion systems occur as detrimental virulence factors in several human pathogens too [40, 253] . This system constitutes a huge molecular machinery that spans both cell membranes and the periplasmic space to form a syringe-shaped structure with a needle-like extracellular extension called the Hrp pilus that facilitates the transfer of bacterial effector proteins into the cytoplasm of plant host cells. Several of these effector proteins contribute to disable plant defence mechanisms otherwise triggered by the perception of conserved bacterial molecular structures called pathogen-associated molecular patterns (PAMPs) [254] . In several Xanthomonas strains there are proteins among these type III secreted effectors that are translocated to the nucleus of the host cell where they interfere as transcriptional regulators into gene expression [255, 256] . They were termed transcription activatorlike (TAL) effectors (see above). Some TAL effectors turned out to activate the expression of sucrose exporters of the host plant cells. Hence, there is a link of this intricate virulence mechanism to the scavenging and metabolic utilization of this sugar by Xanthomonas. Again, this close interlocking of microbial and plant metabolism emphasizes the need for integrated host-pathogen models.
DISCUSSION
All relevant omics technologies are well developed for xanthomonads and in particular for Xcc to make the data available that are required to create hypotheses, enhance metabolic reconstructions and falsify simulations. At the same time, fundamental modelling approaches have already been applied successfully.
As a consequence, there have been first insights into the structure and dynamics of the Xanthomonas central metabolism.
However, there are still many open questions. What if other carbon sources are available that Xcc prefers to take up when available [178] ? How are the Xcc metabolic fluxes in planta, where initial data has just became available for the xylem [162] , an important environment of Xcc? Will there be more flux along the EMP pathway under such conditions? How will metabolic fluxes be modified when Xcc lives in biofilms? Can findings from Xcc be transferred to other xanthomonads? How will metabolic activity be influenced by stress? Stress occurring in the natural environment includes abiotic factors like temperature changes or starvation, but also biotic stress provoked by plant defence [257, 258] , competing microorganisms [259, 260] or phages [261] [262] [263] [264] [265] . Even effects arising from regulation or cell-to-cell communication [266] have not been considered in metabolic models so far. Furthermore, interesting secondary metabolism features have been identified in some xanthomonads, such as non-ribosomal peptide synthesis gene clusters [267] . To date it is completely unclear whether and how such secondary metabolic processes react to changes in the central metabolism. In summary, meaningful questions still need to be addressed, often those that are relevant for the interactions of xanthomonads with their environment including their hosts.
Further advancing and broadening this approach not only is promising for gaining deeper insights into the fundamental concepts of pathogenicity, in an inspiring way it also brings together data and expertise from diverging disciplines of life sciences. Areas of particular interest for future research might be the analysis of metabolism as an integrative constituent of a pathogenicity-driven lifestyle and environmental systems biology as pointed out in the preceding paragraphs.
The systems biology approaches and methods described for xanthomonads in this review can be adopted to characterize biological networks of other bacteria. Obviously, the omics technologies that provide the basis for modelling approaches aresometimes with adaptationsapplicable to almost all prokaryotes and even far beyond. Likewise, all referenced modelling techniques are now frequently used for bacteria applied in biotechnology. There is no reason to expect particular problems from adapting approaches based upon combinations of omics and modelling techniques to other plant pathogenic bacteria. Actually, the first such studies have already been done. For the b-proteobacterium Ralstonia solanacearum for example, which causes bacterial wilt on a wide range of important host plants, a resource allocation trade-off between virulence and proliferation has been recently studied [244] .
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